Dysferlinopathies, most commonly limb girdle muscular dystrophy 2B and Miyoshi myopathy, are degenerative myopathies caused by mutations in the DYSF gene encoding the protein dysferlin. Studies of dysferlin have focused on its role in the repair of the sarcolemma of skeletal muscle, but dysferlin's association with calcium (Ca 2+ ) signaling proteins in the transverse (t-) tubules suggests additional roles. Here, we reveal that dysferlin is enriched in the t-tubule membrane of mature skeletal muscle fibers. Following experimental membrane stress in vitro, dysferlin-deficient muscle fibers undergo extensive functional and structural disruption of the t-tubules that is ameliorated by reducing external [Ca 2+ ] or blocking L-type Ca 2+ channels with diltiazem. Furthermore, we demonstrate that diltiazem treatment of dysferlin-deficient mice significantly reduces eccentric contraction-induced t-tubule damage, inflammation, and necrosis, which resulted in a concomitant increase in postinjury functional recovery. Our discovery of dysferlin as a t-tubule protein that stabilizes stress-induced Ca 2+ signaling offers a therapeutic avenue for limb girdle muscular dystrophy 2B and Miyoshi myopathy patients.
ysferlinopathies are degenerative myopathies secondary to mutations in the gene encoding the protein dysferlin. These myopathies, most commonly limb girdle muscular dystrophy type 2B (LGMD2B) and Miyoshi myopathy (MM), are independent of motor neuron activation (1) , indicating that they are myogenic in origin. Dysferlin is a 230-kDa protein composed of seven C2 domains with homology to synaptotagmin (2, 3) and a single transmembrane domain near its C terminus (4, 5) . The complexity of dysferlin's potential role in muscle is highlighted by the number of its purported functions, including membrane repair (2, 3) , vesicle fusion (4), microtubule regulation (5, 6), cell adhesion (7, 8) , and intercellular signaling (9) . Understanding the contributions of dysferlin to the maintenance of normal skeletal muscle function is critical for the development of appropriate therapies for patients diagnosed with LGMD2B and MM.
Recently, we demonstrated the localization of dysferlin at the A-I junction in mature muscle fibers (10) . These results agree with earlier reports associating dysferlin with the dihydropyridine receptor (DHPR, L-type Ca 2+ channel), Ahnak, caveolin 3, and several other proteins involved in Ca 2+ -based signaling and the function of transverse (t-) tubules (11) (12) (13) (14) . Consistent with this localization and the potential for a functional role in this specialized compartment, dysferlin-deficient murine muscle demonstrates altered transverse tubule (t-tubule) structure (15) as well as increased oxidative stress (16, 17) , inflammation, and necrosis (18) (19) (20) after injury.
Here we demonstrate that dysferlin is enriched in the t-tubule membrane, where it contributes to the maintenance of the t-tubule and Ca 2+ homeostasis. We show that, although the structure and function of dysferlin-deficient t-tubules are normal at rest, they are more readily disrupted following experimental injury and are protected by reducing extracellular [Ca 2+ ] or blocking L-type Ca 2+ channels with diltiazem. We also demonstrate that treatment of dysferlin-deficient mice with diltiazem significantly improves their recovery from injuries induced by eccentric contractions. These findings support a role for dysferlin in stabilizing the t-tubules of skeletal muscle subjected to stress and suggest that diltiazem treatment may represent a viable therapeutic option for LGMD2B and MM patients.
Results
Our first experiments were directed at determining the subcellular localization of dysferlin in mature skeletal muscle fibers. Isolated adult myofibers from the flexor digitorum brevis (FDB) muscles of control mice were immunostained for dysferlin and DHPR to assess their colocalization ( Fig. 1A and Fig. S1 ). Both proteins localized in a doublet pattern, consistent with the t-tubule localization of DHPR. Analysis by Mander's coefficient of colocalization indicated that ∼47% of the DHPR colocalized with dysferlin (n = 8; 0.475 ± 0.016 SEM). We found similar colocalization between the ryanodine receptor (RyR) and dysferlin (n = 4; 0.482 ± 0.022 SEM) (Fig. S1 ), suggesting that endogenous dysferlin localizes at or near the triad junction. Dysferlin also closely localized with other t-tubule-associated proteins, such as Bin1, junctophilin, and caveolin 3 (Cav3), but it was not enriched in sarcolemmal structures that stained brightly for Cav3 (Fig.  S1 ). Expression of exogenous Venus-dysferlin in control FDB fibers also resulted in a prominent doublet pattern that colocalized with the lipophilic dye, di-8-ANEPPS (Fig. 1B) . Together,
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these data indicate a preferential association of dysferlin with components of t-tubules and triad junctions.
To determine if dysferlin was localized within the t-tubule membrane, rather than in the junctional SR membrane or in cytosolic structures associated with the t-tubule, we exogenously expressed dysferlin with a pH-sensitive GFP (pHluorin) (21) fused to either its C or N terminus. Expression of each pHluorindysferlin construct (Fig. 1C) resulted in a pattern of distribution similar to both endogenous dysferlin (cf. Fig. 1A ) and exogenously expressed Venus-dysferlin (cf. Fig. 1B ). Decreasing the pH of the extracellular medium from pH 7.5 to pH 7.0 reduced the fluorescence intensity of the C-terminal pHluorin-dysferlin ( Fig. 1 C and D, black line) , indicating that the pHluorin moiety, and by extension the C terminus of dysferlin, was exposed to the lumen of the t-tubule. As the N-terminal pHluorin-dysferlin did not respond to changes in extracellular pH ( Fig. 1 C and D , green line), we conclude that dysferlin associates with the t-tubule membrane and that it is oriented with its C terminus exposed to the extracellular space (Fig. 1E ). This localization for dysferlin led us to hypothesize that dysferlin contributes to the function of the t-tubule.
As dysferlin-deficient muscle exhibits increased t-tubule damage (15), we modified an osmotic shock injury (OSI) assay, demonstrated to detect t-tubule defects in dystrophic models (22) (23) (24) , and used a cell-impermeant dye (Sulforhodamine B, or SulfB) to assess the changes in dye efflux from the t-tubule caused by acute OSI (Fig. 2A) . Following perfusion with isotonic Tyrode's + SulfB to fill the t-tubule lumen, a switch to isotonic Tyrode's initiated a decrease in SulfB fluorescence, and the kinetics of this decrease was taken as a measure of the mobility of molecules within the t-tubule space. Uninjured AJ (dysferlin-null) and WT fibers demonstrated equivalent kinetics before OSI. After OSI, t-tubule dye clearance of both experimental groups was slowed, but it was significantly slower in dysferlin-null fibers (Fig. 2 B  and D) . This impaired dye clearance in dysferlin-null myofibers was associated with residual dye trapped in the t-tubule, evidenced by dye-filled structures 10 min post-OSI ( Fig. 2A, Center) . ). The images were analyzed to assess areas of clustered DHPR (shown in yellow highlights) following OSI. Pooled data (E) show that only 10-15% of the area in uninjured dysferlin-null or control fibers is disrupted. Clustering of DHPR in dysferlin-null fibers increased to 44% at 3 h post-OSI. Treatment with diltiazem before and during osmotic shock decreased DHPR disruption in injured dysferlin-null fibers to levels indistinguishable from controls. We found no change in dysferlin distribution following OSI in WT FDB fibers (Fig. S2C) . (Scale bars, 10 μm.) *P < 0.05, **P < 0.01.
We confirmed the role of dysferlin in this process by expressing full-length dysferlin in dysferlin-null FDB fibers and by demonstrating SulfB washout kinetics similar to controls ( Fig. 2 C and  D) . As the reintroduction of dysferlin into dysferlin-null FDB fibers was sufficient to protect them from OSI-induced pathology, we consider this to be a robust assay of dysferlin's role in maintaining the t-tubule following experimental stress.
The effect of OSI on dysferlin-null t-tubules was further assessed by examining the organization of the DHPR. Before OSI, immunostained DHPR appeared as discrete puncta (∼0.1 μm 2 ) in both control and dysferlin-null fibers ( Fig. 2F and Fig. S2 ). Furthermore, areas of DHPR aggregation and clustering (>0.4 μm 2 ; Fig. 2F , yellow overlay) were rare, as they occupied less than 10% of the total DHPR area (Fig. 2E) . Following OSI, DHPR clustering was significantly increased in dysferlindeficient myofibers (44% total DHPR area) compared with WT (20%).
It is well established that Ca 2+ influx contributes to OSIinduced muscle injury (23, 25, 26 Fig. S2 ). We found no difference in DHPR expression between genotypes (Fig. S3) , supporting DHPR function, not expression level, as a contributing factor to the OSI effect in dysferlin-null fibers. These results support a role for dysregulated Ca 2+ influx in enhanced t-tubule sensitivity to OSI in dysferlin-null myofibers.
These effects were model-independent, as we obtained similar results with myofibers from the BlaJ mouse model of dysferlinopathy. As the BlaJ mouse demonstrates a more rapid progression of muscle degeneration than the AJ model (18, 27) , we opted to use mice at 2 mo of age, before the reported onset of myopathy, to test the effects of the absence of dysferlin on the sensitivity of the BlaJ myofibers to OSI and on the protective action of diltiazem. Using a similar image analysis strategy to that used in the AJ, we found that BlaJ fibers exhibit significantly more DHPR clustering (DHPR clusters >0.4 μm 2 ) post-OSI than the control (C57/Bl6) (P < 0.05) and that diltiazem blocked this increase (Fig. S4) .
Next we sought to determine whether DHPR function was intrinsically altered or if the differences seen in dysferlin-null myofibers manifested only with OSI. In dysferlin-null myofibers equilibrated with the ratiometric Ca 2+ dye, Indo-1, no differences in resting cytosolic [Ca 2+ ] or in the amplitude of electrically evoked Ca 2+ transients were seen (Fig. S5) . The effect of OSI on DHPR function was assessed in Fluo-4-loaded dysferlinnull myofibers (Fig. 3) , stimulated at 1 Hz for 10 s before OSI and again each minute following OSI for a total of 5 min. Post-OSI, a significant impairment in the amplitude of Ca 2+ transients (75% decrease) (Fig. 3 A and B) was accompanied by a progressive rise in cytosolic [Ca 2+ ] in dysferlin-null myofibers ( Fig. 3  A and C) . Diltiazem treatment protected the dysferlin-null fibers from the OSI-induced impairment in transient amplitude ( Fig. 3  A and B) while also preventing the increase in cytosolic Ca 2+ (P < 0.01) (Fig. 3 A and C) . These results support a model in which dysferlin contributes to the protection of the t-tubule from stress caused by OSI by maintaining normal Ca 2+ signaling. Furthermore, the effectiveness of diltiazem implicates the L-type Ca 2+ channel, rather than membrane disruption, as the pathway for Ca 2+ influx in dysferlinopathy. Dysferlinopathies are associated with increased myofiber necrosis and enhanced immune and inflammatory responses, gauged by increased monocyte and macrophage infiltration (28, 29) . Previously, we reported that impaired recovery of contractile torque following large-strain injury (LSI) in dysferlin-null mice was concurrent with an increase in necrosis and macrophage infiltration (19) . As diltiazem protected dysferlin-null myofibers from injury by osmotic shock in vitro, we tested whether systemic treatment of dysferlin-null mice with diltiazem improved the response of muscle injured by LSI in vivo.
We subjected control and dysferlin-deficient mice to LSI of the hind-limb ankle dorsiflexor muscles and assessed the effect of diltiazem treatment on the phenotypic changes in the tibialis anterior (TA) muscle. LSI caused significant disruption of DHPR in dysferlin-null but not in control muscle at 3 h postinjury (Fig. 4A) . Systemic treatment of dysferlin-null mice with diltiazem significantly decreased the number of injured fibers with disrupted DHPR (P < 0.001). Although diltiazem had no effect on the extent of the injury immediately after LSI (Fig. 4B and Fig. S6 ), it promoted better recovery of contractile torque 3 d after injury (Fig. 4B) . Consistent with this result, diltiazem also reduced the number of necrotic myofibers and in-flammatory macrophages at 3 d post-LSI (Fig. 4 C and D and Fig. S7) , as well as the number of centrally nucleated fibers at 14 d post-LSI (Fig.  4E) (P < 0.01). This enhanced recovery with diltiazem treatment occurred without changes in the protein expression of DHPR, RyR, or other t-tubule-associated proteins (Figs. S8 and S9 ). These studies demonstrate that diltiazem's inhibition of Ca 2+ influx through the DHPR protects dysferlin-null myofibers from stress-induced t-tubule disruption and reduces the amount of fiber death, inflammation, and regeneration associated with the 2+ is elevated in dysferlin-null fibers after osmotic shock and continues to rise at a greater rate than controls. Cytosolic Ca 2+ in diltiazem-treated dysferlin-null myofibers is similar to controls. *P < 0.05. recovery of dysferlin-null muscle after eccentric injury (cf. 19). They therefore support our hypothesis that the susceptibility of dysferlin-null muscle to injury results from a Ca 2+ -dependent destabilization of t-tubules and that blocking excessive Ca 2+ entry with diltiazem ameliorates the downstream pathology.
Discussion
Here we demonstrate that dysferlin is an integral protein of the t-tubule membrane that stabilizes stress-induced Ca 2+ signaling in the t-tubule membrane. These conclusions are supported by our localization of dysferlin to the t-tubule and our demonstration that dysferlin-null myofibers exhibit Ca 2+ -dependent structural damage to t-tubules following injury. The effectiveness of diltiazem, a drug that inhibits the influx of Ca 2+ through the DHPR, in preventing structural and functional changes in t-tubules implicates this pathway as a potential therapeutic target in dysferlinopathy.
Although originally identified as a protein of the sarcolemma (3, 30, 31), dysferlin has also been shown to be present in the interior of myofibers, particularly in dystrophic muscle (10, 32, 33) . Dysferlin was also found to coimmunoprecipitate with DHPR from developing myotubes and was hypothesized to be important for the development of the t-tubule (11, 15) . Other studies found dysferlin at the level of the A-I junction of stretched muscle (14) , and we previously localized dysferlin to that region in mature muscle (10) . Our current data (cf. Fig. 1 C-E) specifically place dysferlin in the membrane of the t-tubule in mature myofibers, with its C terminus exposed to the lumen. This finding, combined with our demonstrations that dysferlin is present at triad junctions (Fig. 1A and Fig. S1 ) and that t-tubules and Ca 2+ homeostasis are unstable in stressed muscle when dysferlin is absent (Figs. 2-4) , suggest the hypothesis that dysferlin interacts with DHPR and contributes to the maintenance of t-tubule function and Ca 2+ homeostasis. Our proposed role for dysferlin is an addition to the current view of dysferlin as a sarcolemmal repair protein. Much of the data leading to the membrane repair hypothesis was gathered using myoblasts or immature myotubes (34, 35) , in which the intracellular membrane systems typical of adult skeletal muscle, such as the t-tubules, are either absent or in an immature state. Thus, these model systems may not fully represent the role of dysferlin in mature myofibers. Studies performed in mature muscle have relied on electron microscopy of dysferlinopathic muscle and on laser wounding to study dysferlin and its function as a sarcolemmal repair protein (2, 3, (36) (37) (38) . However, the ability of laser wounding to predict the outcome of interventional treatments for dysferlinopathies has been recently questioned (39) . Furthermore, recent evidence suggests that dysferlin, although recruited to the wounded sarcolemma (3), is not necessary for the immediate resealing of the damaged sarcolemmal membrane following laser wounding (40, 41) or large-strain lengthening contractions (20) .
Our results suggest that dysferlin is required for the maintenance of functional t-tubules and that a deficiency in dysferlin leads to Ca 2+ -dependent alterations in t-tubule morphology and function. Our demonstration that the expression of exogenous dysferlin in dysferlin-null myofibers is sufficient to protect against stress-induced damage in vitro directly implicates dysferlin as a causal factor. Furthermore, our ability to prevent injury by removing extracellular Ca 2+ or by blocking Ca 2+ entry with diltiazem implicates the proximate involvement of the DHPR/Ltype Ca 2+ channel in the dysferlinopathic process, rather than mechanically induced sarcolemmal tears (9) . However, recent evidence linking DHPR activation to other Ca 2+ permeation pathways (e.g., Orai1 or a TRP channel) (42) does not allow us to rule out the contribution of additional influx pathways to the degradation of t-tubule function following stress.
The effectiveness of diltiazem at preventing the in vitro pathology and stress-induced Ca 2+ signaling led us to study whether systemic treatment of dysferlin-null mice would promote recovery from large-strain eccentric injury. Short-term treatment with diltiazem before in vivo injury significantly decreased the number of fibers displaying disrupted DHPR morphology shortly after LSI and significantly increased recovery of torque 3 d later. As previously reported, the downstream consequences of LSI in dysferlin-deficient muscle include considerable necrosis and inflammation, followed by muscle regeneration (18) (19) (20) . Diltiazem treatment decreased the number of necrotic fibers and the severity of the inflammatory response 3 d after physiological injury and decreased the number of centrally nucleated fibers 14 d after injury. We speculate that, by acting on the DHPR, diltiazem reduced the increase in cytoplasmic [Ca 2+ ] after injury and thus prevented the activation of Ca 2+ -mediated processes, such as calpain activation and mitochondrial damage, which can promote secondary damage and necrosis. These results further indicate that the pathology of dysferlin deficiency can be mitigated by targeting this pathway.
Here we reveal a role for dysferlin as a stabilizer of Ca 2+ homeostasis and t-tubule function during membrane stress. Taken with the discovery of dysferlin as an integral t-tubule membrane protein, our data support t-tubule Ca 2+ dysregulation as an avenue for therapeutic interventions. Because diltiazem, an FDA-approved drug, significantly protects dysferlin-deficient muscle from injury, we suggest that it should be considered as a potential intervention to slow the continued progression of dysferlinopathies in patients with LGMD2B and MM. 
Materials and Methods
Mice. Dysferlin-null (AJ or BlaJ) and control A/WynSnJ and C57BL/6 (WT) mice were obtained either directly from the Jackson Laboratory or from breeding colonies maintained at the University of Maryland, Baltimore. AJ and A/WynSnJ mice used for this study were 12-16 wk of age; BlaJ and C57BL/6 mice were 8 wk of age. All experimental protocols involving animals were approved by the Institutional Animal Care and Use Committee of the University of Maryland School of Medicine.
In Vivo Experimentation. In vivo measurements of torque and large-strain injury of the hind-limb ankle dorsiflexor muscle group were performed as described (19, 43) . Briefly, injury was induced by a series of 20 lengthening contractions performed by stretching the tetanically stimulated left-ankle dorsiflexors through an arc of 90°-180°of plantarflexion at 1,200°/sec. Contractile torque was measured before, immediately after, and 3 d after injury to assess susceptibility to injury and recovery thereafter. As the TA muscle accounts for ∼90% of the force generated by the ankle dorsiflexors (44), we used this muscle for all our histological studies.
Immunofluorescence of TA Muscle. We followed the protocols in Roche et al. (10) . Animals were perfusion-fixed with ice-cold 4% (wt/vol) paraformaldehyde in PBS. TA muscles were snap-frozen in a liquid nitrogen slurry, cut longitudinally (16 μm), and mounted on glass slides. Sections were labeled with primary antibodies to DHPR (mouse, MA3-920; Thermo Scientific) and dysferlin (rabbit, Romeo 5140-1; Epitomics) followed by labeling with species-specific secondary antibodies conjugated to either AlexaFluor488 or AlexaFluor568 (Invitrogen). Samples were observed under confocal optics with a Zeiss 510 confocal microscope (63×/1.4 N.A. Plan-Apo objective; Carl Zeiss, Inc.).
Isolation of Myofibers from FDB Muscle. Mice were anesthetized and FDB muscles were harvested bilaterally. Single myofibers were enzymatically isolated in DMEM with 2% (wt/vol) BSA, 1 μL/mL gentamicin, and 2 mg/mL type II collagenase (Gibco, Life Technologies) for 2 h at 37°C, as adapted from ref. 45 . Myofibers were incubated at 37°C for 12-24 h and plated on glass coverslips coated with Matrigel (BD Biosciences) or Geltrex (Invitrogen) before experimentation.
For experiments involving treatment with diltiazem, isolated myofibers were treated with 10 μM diltiazem for 30 min at 37°C before osmotic shock and experimentation.
Immunofluorescence of FDB Fibers. Myofibers from FDB muscles, cultured as above, were fixed at room temperature for 15 min with 4% electron microscopy (EM)-grade formaldehyde in PBS. Cells were permeabilized in 0.1% Triton X-100 in PBS for 8 min, washed, and incubated with SuperblockPBS (Thermo Scientific) for 2 h at room temperature. Coverslips were incubated in primary antibody overnight at 4°C and in secondary antibodies for 4 h at room temperature. All primary and secondary antibodies were diluted in SuperblockPBS. Primary antibodies included mouse anti-DHPRα1, rabbit antidysferlin, and mouse anti-RyR1 (clone R129; Sigma Aldrich). Secondary antibodies and observation of samples under confocal optics were as above. Colocalization was assessed using Mander's coefficients with ImageJ and the Just Another Colocalization Plugin (46) and reported as M1 (overlap between DHPR or RyR and dysferlin). Other antibodies used for immunofluorescence include Bin1 (EMD Millipore), caveolin 3 (BD Biosciences), junctophilin-1 (Invitrogen), junctophilin-2 (Invitrogen), and mouse anti-dysferlin ("Hamlet"; Leica Biosystems).
Plasmid Constructs. mVenus-dysferlin (N-terminal Venus) (9) (Addgene plasmid 29768) was provided by The Jain Foundation (www.jain-foundation. org). N-terminal pHluorin-dysferlin was constructed by S. V. Koushik (BDRA Consulting, LLC, Damascus, MD), in the S.S.V. laboratory by replacing the Venus ORF from mVenus-dysferlin with the ORF of pHluorin using standard molecular biological techniques. C-terminal pHluorin-dysferlin was generated by excising the Venus tag from the mVenus-dysferlin plasmid, described above, using AgeI and EcoRI restriction enzymes. The pHluorin tag was amplified via PCR from the N-terminal pHluorin-dysferlin construct, using primers to introduce AgeI and EcoRI restriction sites into the tag. The dysferlin plasmid was then ligated to the pHluorin tag and sequenced.
In vivo gene transfer via electroporation into FDB fibers was adapted from published methods (47) . Further details are provided in SI Materials and Methods.
pHluorin Assay. FDB fibers from control mice were electroporated with a plasmid encoding dysferlin tagged with pH-sensitive GFP (pHluorin) linked to either the C or N terminus. Fibers expressing the pHluorin-dysferlin constructs were studied under confocal optics with a Zeiss LSM510 microscope (40×/1.4 N.A. Plan-Apo objective). During imaging, pHluorin-positive cells were perfused with buffered saline (pH 7.5). At regular intervals, the perfusate was switched to a solution at pH 7.0. Analysis of T-Tubule Disruption. Disruption of DHPR labeling at the t-tubules of isolated FDB fibers was assessed using Volocity software (PerkinElmer) on immunofluorescence images of DHPR. To assess total t-tubule area, fluorescence signals ≥0.1 μm 2 in area were identified and their area was calculated. These signals were compared with the area calculated from fluorescent signals >0.4 μm 2 in area, generating a percentage area occupied by DHPR labeling that was disrupted. Ten images from each treatment were analyzed. For in vivo assessments, we followed immunolabeling protocols similar to those used in ref. 10 . Disruption of t-tubules was quantified by counting the number of fibers that showed disrupted DHPR labeling and expressing it as a percentage of the total number of fibers counted in each visual field. A total of 70-90 fibers across six visual fields were studied per injured and control TA from each animal.
Diltiazem Administration to Animals. Diltiazem was administered by i.p. injection at a dosage of 72 mg/kg/d (51) . The drug was dissolved in PBS (pH 7.4) at 72 mg/10 mL, and 100 μL of this mixture was administered per 10 g body weight. Animals were preconditioned for 7 d before LSI, as our pilot experiments showed that they do not tolerate anesthesia well without preconditioning. On the day of LSI, animals were administered 50% of the daily dose ∼30 min before injury and 50% of the dose immediately after injury. For animals that were studied 3 d and 14 d after LSI, once daily dosing was continued until the time of assay. A sham treatment group received only PBS, according to the same injection regimen.
Assessment of Myofiber Damage and Macrophage Infiltration. To count necrotic myofibers, frozen cross-sections (8 μm) of the injured (left) and uninjured (right) TA muscles were stained with hematoxylin and eosin (H&E), as described (19) . The percentage of necrotic myofibers in each muscle was calculated by taking the average across 12 unique fields (20× objective lens, Zeiss Axioskop; Carl Zeiss, Inc.). To assess macrophage infiltration, frozen cross-sections of TA muscles (16 μm) were labeled with antibodies to CD68 (FA-11, Macrosialin, MCA 1957, AbD Serotec), as described (19) . The number of macrophages per square millimeter of cross-sectional area was calculated by averaging the number of macrophages across eight unique visual fields (40×/1.4 N.A. Plan-Apo objective, Zeiss LSM510) and then by multiplying by a conversion factor (19.75) based on the area of each visual field.
Assessment of Myogenesis 14 d After LSI in Animals Treated with DTZ or PBS.
Standard H&E staining was performed on cross-sections of the injured and uninjured TA muscles. Digital images were taken of 10 nonoverlapping fields at 20× magnification, and centrally nucleated fibers (a marker of myofiber degeneration and subsequent regeneration) were counted and expressed as a percentage of the total number of fibers in each field. About 1,000 fibers were counted per injured and uninjured TA muscle. Statistical analyses were performed on the combined data from both animals in each group (diltiazem versus PBS).
Statistical Analyses. Quantitative data were analyzed using GraphPad Prism 5 software (GraphPad Software, Inc.) and are expressed as means ± SEM. Data expressed as percentages were transformed before analysis. Unless otherwise noted, statistically significant differences (set a priori to P < 0.05) between groups were assessed by one-way ANOVA or Student t test, as appropriate. Post hoc analyses were performed using the NewmanKeuls method.
